This paper discusses water at interfaces with emphasis on the electrical properties of adsorbed films. Two issues are addressed, namely adsorption of organic molecules at the air/water interface in Langmuir monolayers and the influence of adsorbed water on the electrical properties of nanostructured organic films deposited onto solid substrates. In Langmuir monolayers the focus will be on the interaction of the adsorbed molecules with the underlying water, particularly with regard to the surface potential and lateral conductance of the monolayers. It will be shown that these electrical measurements are extremely sensitive to small changes in the subphase, including trace amounts of impurities. Phase transitions due to structuring of the monolayer will be discussed at the light of theoretical models that deal with proton transfer along the monolayers. Attempts will be made to connect the interpretation at the molecular level with experimental findings from techniques such as Brewster angle microscopy and fluorescence microscopy, which provide information at the mesoscopic or microscopic scale. The gradient of the dielectric constant for water at the monolayer interface is inferred from modeling the monolayer surface potential in terms of the dipole moments of the molecules. For deposited films, the discussion will be centered on the electrical properties of nanostructured films produced with either the Langmuir-Blodgett (LB) or the layer-by-layer (LBL) methods. The strong effects from adsorbed water will be presented, with mention to sensor applications where the extreme sensitivity of the electrical properties to water is exploited and to doping of a conducting polymer induced by X-ray irradiation.
Introduction
Adsorption of organic molecules at the air/water interface has been explored since ancient times and indeed a printing technique referred to as sumi-nagashi was used in Japan thousands of years ago and Aristotle occupied himself with studying the phenomenon of the decreasing of sea roughness caused by spreading oil onto the water [1] . The scientific basis for the investigation of monolayers adsorbed from organic molecules was consolidated with Irving Langmuir in the beginning of the 20 th century [2] . Significant progress was achieved when Langmuir and Blodgett developed the methods to transfer the monolayers onto solid substrates, leading to highly organized and ultrathin films, now referred to as Langmuir-Blodgett (LB) films [3] . The LB technique was first applied to amphiphilic compounds, but it was later extended to an enormous variety of materials, including polymers and other semi-amphiphilic substances [4] . This issue has been the subject of various reviews and books [5] [6] [7] [8] . In addition to the field of organic films adsorbed at water/air or water/oil interface, water is extremely relevant when adsorbed onto solid films. Though drying procedures may eliminate moisture leading to dry films, entrained water is found to affect strongly the film properties, which can only be removed if the film is heated to considerable temperatures.
While adsorbed water may represent a drawback for the reproducibility of electrical and other properties of the films, it may also lead to opportunities to exploit the high sensitivity of these properties to the very presence of water. Here we shall dwell upon some of the applications proposed. In this connection, we shall include not only the LB films but also the ultrathin, nanostructured organic films fabricated with the self-assembly or layer-by-layer methods [9] , which also allow for control of molecular architecture. The latter are much more recent, starting with the approach suggested by Sagiv and co-workers [10] based on the chemisorption of organic molecules in a layer-by-layer fashion. The resulting self-assembled films are extremely stable and useful for several applications, but the method is limited in terms of the materials to be employed as it requires specific functional groups for the chemisorption. The layer-by-layer (LBL) method based on physical adsorption, proposed by Decher et al. [9] , is more versatile and has been applied to polyelectrolytes [11] , conjugated polymers [12] , proteins [13] and dyes [14] . In the LBL method adsorption is basically driven by ionic attraction between oppositely charged layers, but in some cases involves secondary interactions such as H-bonding [15] .
The organization of the paper is as follows. In Section II we provide background information on Langmuir monolayers, where selected examples from the literature are used to illustrate the electrical properties of different kinds of monolayers. Section III is devoted to theoretical models to explain the surface potential and lateral conductance of Langmuir monolayers, featuring also the implications of proton transfer and formation of a H-bonded network at the water interface. The results for films formed with the LB or LBL techniques are discussed in Section IV, where the emphasis is in the strong sensitivity of the film electrical properties to the presence of adsorbed water. Possible applications of these nanostructured films are highlighted in this connection. Concluding remarks and prospects appear in Section V.
Monolayers at the air/water interface
Langmuir monolayers are formed by spreading small quantities of amphiphilic or semi-amphiphilic materials dissolved in organic, volatile solvents onto an aqueous surface [16] . The molecules spread over the surface but will not dissolve if they contain sufficiently hydrophobic moieties. Traditional compounds for Langmuir monolayers are long-chain alkanoic acids, esters, ethers, alcohols and phospholipids where the hydrophobic aliphatic chains prevent the material from dissolving into the water. The monolayers are compressed by movable barriers that constrain the molecules until the aliphatic chains are removed from the aqueous surface, which may form well-organized arrangements. The presence of the monolayer may be detected by measuring the surface pressure, i.e. the change in surface tension of the aqueous subphase due to the monolayer. When the molecules are far apart from each other, there is negligible interaction and the surface pressure is zero. As the monolayer is compressed, distinct phases may be achieved in the surface pressure-area isotherms, which depend on the type of monolayer material. The use of semi-amphiphilic and even macromolecular materials is now well established, though a number of conditions must be met for true monolayers to be formed [4] . In addition to surface pressure isotherms, other methods have been used to characterize Langmuir monolayers, including Brewster angle and fluorescence microscopy [17] , in situ UV-VIS. and FTIR spectroscopy [18] , X-ray reflectivity and X-ray diffraction [19] , ellipsometry [20] , surface potential [21] and lateral conductance [22] measurements and surface vibrational spectroscopy [23] . An overview of the methods for characterization of Langmuir monolayers is available in Dynarowicz-Latka et al. [24] . Important for the present work are the methods for obtaining the electrical properties of the Langmuir monolayers, the most popular being the surface potential and lateral conductance measurements. Surface potential is normally measured with a Kelvin probe [25] while lateral conductance can be measured by applying a d.c. or a.c. voltage to a pair of platinum electrodes immersed into the aqueous subphase [26] . Fig. 1 shows typical isotherms for a fatty acid, where the potential is zero at large areas per molecule and becomes non-zero at a critical area that is usually twice the area of the condensed monolayer [27] . The appearance of this critical area also occurs in isotherms of lateral conductance, as shown in Fig. 1 [1] , ellipsometric data [27] and UV-VIS. absorbance [28] . In Section III we shall discuss the physics behind the critical density for the measurements mentioned. There are two main causes for the surface potential to be non-zero even at large areas per molecule, the most common one being the formation of large aggregates just after spreading the monolayer. This is the case of films made from macromolecules and semi-amphiphilic compounds that are highly prone to aggregation [29] . The second cause for the non-zero potential is the existence of a strong contribution to the surface potential from the double-layer formed at the monolayer/subphase interface. Examples of negative surface potentials at large areas per molecule are the monolayers from dipalmitoyl phosphatidyl glycerol (DPPG) [30] , whose surface potential isotherm is shown in Fig. 2 . The surface potential depends on the dipole moments of the monolayer-forming molecules and on the double-layer, as discussed in Section III. For DPPG, in particular, a negative contribution from the double-layer causes the potential to be negative at large areas. Figure 1 . Surface pressure (π), surface potential (∆V) and lateral conductance (G) isotherms for stearic acid. Both lateral conductance and surface potential lifts off at a critical area. The decrease in lateral conductance as the pressure starts to rise is due to the meniscus effect, by which the area of the immersed electrode decreases. This decrease is therefore an experimental artifact. From ref. [1] .
The lateral conductance shown in Fig. 1 was measured by inserting two bright platinum electrodes into the aqueous subphase on which the monolayer is spread. At large areas per molecule the lateral conductance is zero, that is to say, the conductance is the same as that measured with the aqueous subphase. At the critical area the lateral conductance Figure 2 . Surface pressure (π) and surface potential (∆V) of a DPPG monolayer spread onto ultrapure water. Note the negative surface potential, due to the contribution from the double-layer, at large areas per molecule. From ref. [30] .
increases relatively sharply until it practically levels off when the monolayer is in the condensed state. If the electrodes are only partially immersed into the subphase, the increase in surface pressure causes the meniscus between the monolayer and the platinum electrodes to lower, then decreasing the measured lateral conductance [31] . This experimental artifact due to the meniscus has been well documented, but could be obviated in a special arrangement developed by Cavalli [26] . One should mention that there has been controversy in the literature over the possibility of detecting the enhanced lateral conductance, particularly because of the extremely low thickness of the monolayer. Following the conflicting reports by Morgan et al [31] , Menger et al. [32] and Shapovalov and Illichev [33] , Cavalli and Oliveira [34] developed a differential method to measure the conductance in which the contribution from the subphase (ultrapure water) was eliminated, thus allowing the conductance to be measured in phospholipids, alcohols and fatty acids [26] . Recent work by a Japanese group, which employed a special arrangement of electrodes [35] , confirmed the possibility of measuring the lateral conductance and investigated the effects from adding alcohol to monolayers of stearic acid, elaidic acid and oleic acid. Fig. 3 shows that upon increasing the alcohol concentration the lateral conductance reaches a maximum after which it decreases. This behavior also depends on the type of acid in the monolayer, particularly with regard to the packing of the monolayerforming molecules. This is illustrated by the larger increase in conductance for a stearic acid monolayer whose molecules are more closely packed than for elaidic and oleic acid [35] .
The difficulties in measuring the lateral conductance, which is indeed at the root of the controversy mentioned above, are understandable if one considers that trace amounts of impurities may affect the monolayer electrical properties significantly. The first demonstration of this statement was provided by Taylor et al [36] , who compared surface potential isotherms of stearic acid spread onto ultrapure water from 2 distinct purification systems. In one case the surface potential was non-zero even at large areas per molecule. In addition, reproducible results could not be obtained at large areas, which was attributed to the existence of large islands of material. A series of systematic experiments indicated that this non-reproducibility was due to trace amounts of impurities in the water subphase [36] , arising from the need to store the purified water in tanks. Even though the stored water was recirculated at regular intervals, it could still be insufficient to guarantee the required purity. Modern purification systems now often provide output water directly from the polishing cartridges for purification, with the storage tank being located before the final purification stage. This is the reason why reproducible surface potential isotherms -with zero surface potential at large areas in a number of cases -have been obtained in laboratories around the world, which was not the case until the 1980s. Further evidence of the importance of trace amounts of impurities or guest molecules for a Langmuir monolayer was provided by the cooperative response from phospholipid monolayers to pharmaceutical drugs where 0.2 mol% of dipyridamole (DIP) was sufficient to alter the monolayer properties significantly [37] . In Fig. 4 , it is seen that the surface potential of dipalmitoyl phosphatidyl choline (DPPC) varies with the concentration of DIP cospread at the air/water interface. The maximum effect appears at 0.4 mol%, after which the effect decreases and the surface potential becomes even lower than for pure DPPC due to self-aggregation of DIP molecules as the concentration increases. Note that for concentrations as low as 0.4mol% the changes in surface potential cannot be explained by the dipole moment of DIP molecules. Nor can they be explained by changes caused in the neighboring DPPC molecules. Therefore, these results can only be accounted for if a cooperative effect takes place, with DPPC molecules being affected which are not directly interacting with DIP molecules.
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3 Models to explain the surface potential and lateral conductance in monolayers
Models for the surface potentials
In order to correlate the measured surface potentials with the dipole moments of the monolayer-forming molecules, theoretical models have been developed over the years in which the monolayer is treated as an arrangement of dipoles. The first of such models is referred to as the Helmholtz approach, according to which the surface potential is
where µ ⊥ is the apparent dipole moment, which corresponds to the vertical component of the dipole moment of a molecule, ε 0 is the vacuum permittivity and A is the area per molecule. The name apparent dipole moment was given because in this model the monolayer is assumed to have a unity dielectric constant, which further research has shown not to be the case. Indeed, refining of the Helmholtz model has led to 2-layer [38] or 3-layer [39] capacitor models in which
where µ 1 , µ 2 and µ 3 are, respectively, the normal components of the dipole moments of the water molecules reoriented by the presence of the monolayer, of the headgroups and of the tail groups. ε i (i = 1,2 or 3) are the effective dielectric constants of the media involving these dipoles. Conceptually, there is no important difference in using a 2-or a 3-layer capacitor models. The 2-layer model is certainly advantageous as it has less unknown parameters, by combining the contribution from the reorientation of the water molecules with that from the headgroups. However, there are cases in which one wishes to compare results from molecules that differ only by their headgroups, and this is the main reason why the 3-layer DF model represented in Eq. (2) has been applied to aliphatic [40] and aromatic compounds [41] . In both cases, the parameters to explain the experimental data must be taken as average values. They are practically the same for aliphatic and aromatic compounds, with the dielectric constant for the monolayer/water interface, ε 2 , lying in the range between 6 and 7 and ε 3 varying from 2 to 3 [40, 41] . The contribution from water reorientation is used as adjusting parameter, being slightly negative (ca. -65 mD). The implication of such analysis is obvious: at water/air interfaces with an adsorbed monolayer, the effective dielectric constant changes from ca. 80 in the bulk to 2-3 at the air interface, with an intermediate value of 6-7 at the monolayer/water interface. If the monolayer is at least partially charged, an electrical double-layer is formed at the monolayer/water interface, whose contribution to the surface potential may be estimated using the Gouy-Chapman theory [42] 
where k is the Boltzmann constant, T is temperature, e is the proton charge, α is the degree of dissociation of the headgroups, c is the ionic strength of the subphase, A is the area per molecule and ε is the dielectric constant in the double-layer region. Implicit in the Gouy-Chapman theory are the assumptions that the charged surface is impenetrable and that the counter-ions are point charges that do not interact among themselves. In spite of these simplifications, the Gouy-Chapman theory has been successfully applied to explain surface potential data of aliphatic [43] as well as aromatic carboxylic acids [44] . There are cases where the application of Gouy-Chapman is only possible if an effective charge is assumed because counterions from the subphase tend to adsorb at the monolayer surface [45] .
Models for lateral conductance
Pure phenomenological models can give guidelines to the understanding of interfacial systems discussed in this work. However, it is difficult to discuss lateral conductance and the gradient in the effective dielectric constant without taking into account molecular aspects of the film and the water in the interface. Treating the film/water interface at the molecular level is a very difficult task though. If one considers systems at the nanometer scale, simulations at all-atoms level are probably unreliable due to the approximations one has to make. A possible solution is to seek simplified models and try to adapt results from bulk studies to the interface problems. This is what we have done to understand the appearance of a critical area for surface potential and lateral conductance data [46] ; some of the arguments are reproduced here.
One of the key issues to be addressed in molecular models is the arrangement of the film molecules with respect to each other and with respect to the water. Most of these arrangements take place through hydrogen bonds, which play a fundamental role in molecular association. In supramolecular chemistry the hydrogen bond is able to control and direct the structures of molecular assemblies because it is sufficiently strong and sufficiently directional. In mechanistic biology, it is of vital importance because it lies in an energy range intermediate between van der Waals interactions and covalent bonds, which allows hydrogen bonds to both associate and dissociate quickly at ambient temperatures. A simple criterion for hydrogen bond formation is when the electronegativity, as defined by Pauling [47] , of an atom A relative to H in an A-H bond is such as to withdraw electrons and leave the proton partially unshielded. To interact with this donor A-B bond, the acceptor B must have lone-pair electrons or polarizable π electrons. Very strong hydrogen bonds resemble covalent bonds, while very weak hydrogen bonds are close to van der Waals forces. The majority of hydrogen bonds are distributed between these two extremes. From the theoretical perspective H-bonds have been treated in different levels of detail, from simple dipole moments and ionization potentials [48] to full ab-initio calculations.
The hydrogen bonds in general can be regarded as the incipient state of a proton transfer, and this is true for strong and as well as for the weak bonds. However, only for strong bonds proton transfer processes occur with significant rates [50] . To explain the enhanced conduction and the appearance of a critical area, we focus on the proton transfer aspects associated with H-bonds, particularly with respect to water. A mechanism to account for the fast proton transfer in liquid water is the sequential concerted proton transfer along the hydrogen bond network [51] . Using molecular dynamics calculations, theoretical groups have observed that proton transfer is driven by the hydrogen bond coordination and distances fluctuation caused by the hydrogen bond network rearrangement [52, 53] . Because of the difficulties for a detailed simulation of the film/water interface, we use analogies with proton transfer in bulk water and a simple model based on hydrogen bond data and geometric constraints and a unidimensional model for proton transfer (PT) in hydrogen bonds [54] . The polar groups and the water are assumed to form strong hydrogen bonds below the critical area, thus creating a highly structured media to allow for a much faster proton transfer along the hydrogen bond network. The conductance happens via a "hop and turn" mechanism [55] with proton transfer through the hydrogen bonds. The model restricts to the consequences associated with the hydrogen bond length R in which the proton transfer can effectively occur, since it is crucial to explain our experimental data. The effective potentials are characterized by parameters obtained from the physical properties of the Hbonds. In proton transfer reactions, a shift of electron density also accompanies the nuclear transfer. A localized part of the electronic density which mainly corresponds to the bond with the proton is shifted from one nucleus to another [56] . Proton transfer is based on the assumption that the nuclei move on a much slower time scale than electrons, i.e. on Born-Oppenheimer surfaces. The two electronic states seen by the proton are associated with the reaction
where the state on the left hand side has electron density localized between nucleus A and the proton (called donor) and the state on the right side has density between the proton and nucleus B (called acceptor). For simplicity a system with symmetric oxygen donor and acceptor in a line was considered
. The resulting effective potential as a function of the distance r of the proton from the donor (O A ) is shown in Fig. 5 . The two minima represent the equilibrium positions for the proton in the donor or acceptor. The effective potential barrier height increases as the distance between the oxygens R increases. This feature has been confirmed by other theoretical studies [57, 58] . There is a transition from a double well system to that of a single well as R is decreased, which corresponds to a strong hydrogen bond. The O − H · · · O hydrogen bond lengths in carboxylic acids and their hydrates exhibit a wide range, from very short, 2.5Å, to relatively weak bonds with R ∼2.9 A. According to our model, proton transfer can effectively occur when R is smaller than ∼2.8Å. We point out that in this first analysis, we just want to draw reasonable numbers to understand the experimental results.
The polar part of amphiphilic molecules in the films is arranged in a bidimensional triangular lattice. We assume that between the polar groups there are water molecules, through which a net of H-bonds is formed (Fig. 6) . Also assumed is a simple geometric model for the configuration of these molecules, as illustrated in Fig. 7 . The critical area for fatty acids corresponds to a distance of 7.1Å between polar heads (38Å 2 /molecule). This distance corresponds to a distance R between donor and acceptor oxygens of 2.8Å. Below this distance a net with strong H-bonds is formed. The H-bond strength and proton transfer increase exponentially with decreasing R. This suggests that the dramatic increase in the conductance below the critical area is due to a proton in a "hop-and-turn" mechanism. These strong H-bonds explain also the abrupt increase, below the critical area, in surface potential. It is associated with a drastic decrease in the dielectric constant at the film-water interface caused by structuring of the monolayer. This is the simplest first order approach to model the monolayer structuring via H-bonds. There are a number of other important factors that should be included in a detailed description. The oxygens were considered chemically equivalent, yielding symmetric potentials. The oxygens from water molecules and from the polar headgroups are not chemically equivalent, so the asymmetry should be included in a more detailed study. Recently a soliton model based on these ideas was presented [59] . It uses three fields describing: the hydrogen involved in the conduction, the hydrophilic head of the film and the water. It has established the grounds to treat the experimental data quantitatively. The formation of the H-bond network is manifested at the mesoscopic or microscopic level with domains of monolayer-forming molecules achieving a state that is characterized by a critical area. The existence of this critical area has been shown not only in surface potential and lateral conductance isotherms, as discussed in the last section, but also in optical measurements such as UV-VIS. absorbance [28] and Brewster angle microscopy [60] .
Water adsorbed on nanostructured thin films
The two most popular techniques to produce nanostructured films from organic molecules are the Langmuir-Blodgett (LB) and the layer-by-layer (LBL) methods. The LB technique is significantly older, dating from the mid 1930s, while the LBL method -based on physical adsorption of oppositely charged layers -appeared in the early 1990s. Both methods have been used for a variety of materials, in a number of cases leading to supramolecular structures where molecular control is made possible. Furthermore, the final film properties may differ considerably from those obtained with the same materials produced with other techniques, such as spin-coating, dip-coating or casting. Because water is involved in the fabrication process of these nanostructured films, it is not surprising that adsorbed water may play an important role. This is especially true of electrical properties, as discussed below.
Electrical characterization of LB and LBL films
Analogously to the case of Langmuir monolayers, for LB and LBL films conductivity and surface potential measurements are also the most common methods for electrical characterization. The electrical conductivity can be measured with various methods, including those allowing the measurement of surface conductance and analyzing anisotropy of the samples. For thin films, for example, the 4-point probe van der Pauw method is widely used [61] . In order to avoid artefacts from charge accumulation and high fields at the electrodes, a.c. techniques are often used with the frequency ranging from µHz to MHz (this is also referred to as impedance spectroscopy). Interpretation of the data is far from straightforward, as the films are not crystalline and interactions among molecules or with the surrounding environment affect the conductivity strongly. Attempts have nevertheless been made with the use of theoretical models developed for amorphous solids [62] . For example, Bianchi et al. [63] have shown that polyaniline films may be treated as a disordered insulating matrix with conductive, doped islands, whose conductivity obeys the random free-energy barrier model [62] .
The surface potential of LB or LBL films is normally measured with a Kelvin probe, with the film deposited onto a metallic substrate. The measured potential thus represents the change in work function of the metal substrate due to the film coating it. Because of the effects from adsorbed water, moisture must be eliminated, particularly for the asdeposited films, since LB and LBL films involve water in the fabrication procedure. Reproducible results are therefore only obtained if the films are left to dry for a certain period of time, which may vary from hours to a full day depending on the film. Interpretation of surface potentials on solid films is more involved than for Langmuir monolayers owing to the contribution from the substrate/film interface. The first attempts to model surface potentials in LB films appear to have been made by Tredgold and collaborators [64, 65] , who considered the substrate/film interface as a p-n junction. Taking into account more recent studies, it has been established that the possible contributions to the surface potential of transferred LB or LBL films are [66] : i) dipole moments of the film-forming molecules; ii) change in the contribution from double-layer potentials as the molecules are transferred from an aqueous/air interface to a solid/air interface; iii) contribution from the substrate/film interface, which is usually due to charge injection from the metallic substrate. The surface potential for an LB monolayer can be written as [66] :
where ∆V L is the surface potential for the non-ionized monolayer, ϕ is the contribution from image charges, which essentially replaces the double-layer contribution in a Langmuir monolayer, and V su is the contribution from charge injection from the substrate. This expression assumes that the film molecules did not change orientation during transfer, leading to the same contribution from the dipoles as in the non-ionized monolayer. For an LB film with several layers, one has to consider the packing of the molecules. For a centrosymmetric arrangement, as in the Y-type LB films with a head-tail-head-tail organization, cancellation of dipole moments occurs. The contribution from charge injection was investigated by Iwamoto and collaborators [67, 68] and then determined directly by comparing surface potential data for LB films of cadmium stearate (CdSt) with different odd and even numbers of layers [66] . The interface contribution was found to be ca. -150 mV, which was the value measured for LB films with even number of deposited CdSt layers, as the dipole contribution was cancelled [66] .
Exploiting effects from water in applications
While water at interfaces normally poses difficulties for obtaining accurate characterization of the interface properties, as mentioned above, the high sensitivity to water may be exploited in useful applications. The most obvious one is to produce humidity sensors, as demonstrated by Raposo [69] with layer-by-layer films from poly(o-methoxyaniline), and is widely reported in the literature (for a number of examples, see [70] ). For instance, polyaniline films [71] have been shown to be efficient in detecting gases and vapors, including water vapors, where the principle of detection is conductivity measurements. Humidity tests carried out by exposing polyaniline samples fabricated by anodic polymerization to water vapors showed that the d.c. conductivity was altered by one order of magnitude to 1.34 x 10 −8 Scm −1 [71] . Nanosized zeolite films [72] have also been used in piezoelectric devices based on a quartz crystal microbalance (QCM) to detect not only water but also organic compounds vapors. However, humidity sensors may be obtained in a much cheaper way with no need to resorting to nanostructured films. There are, nevertheless, applications in which taking advantage of fine control over film thickness and molecular architecture is crucial to achieve high sensitivity. This is the case of taste sensors (so-called electronic tongues) made up from an array of sensing units composed by interdigitated gold electrodes covered with nanostructured LB or LBL films of different materials (conducting polymers, ruthenium complexes, perylenes, lipids, natural polymers) [73] [74] [75] [76] . For the same liquid sample, the response from distinct units may be different and the combination of responses from the units comprising the array is used as a fingerprint for the sample under analysis. Normally, each array contains 4-8 units produced from materials judiciously chosen to respond in varied ways to the samples analyzed. Because of the amount of data collected for several samples with a given array, the impedance data are analyzed by taking the capacitance at a fixed frequency of the film, which is estimated from the equivalent circuit analysis. Fig. 8a shows the equivalent circuit employed, in which the film coating the electrodes is described as a parallel combination of C b and G b . The film is assumed to be in series with the electrolyte impedance represented by the geometric capacitance of the inter electrode space filled with electrolyte (C g ) and the double-layer capacitance (C d ), which is charged from the solution conductance (G d ). G t allows for charge transfer across the film/electrolyte interface [77] . The simulated response for representative values of the various parameters is shown in Fig. 8b . Following Taylor and MacDonald [77] , the frequency is chosen in the range between 300 and 1 kHz, within which the electrical response is primarily driven by the film properties.
A variety of materials and liquid samples have been investigated in a project involving Embrapa (Brazil), University of São Paulo (Brazil) and the University of Wales, Bangor (U.K.). Among the main results one may include the demonstration of extremely high ability to distinguish the basic tastes, i.e. salt, sweet, sour and bitter, to a sensitivity that is in some cases 3 orders of magnitude higher than that of the human gustatory system [76] . The high sensitivity is attributed to the ultrathin nature of the nanostructured films coating the electrodes. Complex liquid systems can also be analyzed, and distinction can be made between several beverages and types of water, as illustrated in the Principal Component Analysis plot of Fig. 9 [78] .
Doping semiconducting polymers
Doping in conjugated polymers plays an important role for the final properties of the polymer and has large impact on the possible applications. While for some conjugated polymers doping occurs via oxi-reduction reactions, for polyaniline (PANI) protonation is the basic mechanism, which is usually carried out by exposing the polymer to acidic substances. Control of doping is expected to improve if "dry" methods are used in protonating PANI and its derivatives, especially because the electrical properties are strongly modified by residual water in the pores of the polymer matrix [79] [80] [81] . Such "dry doping" may be performed by subjecting polymer films to X-ray irradiation which causes PANI conductivity to increase by ten orders of magnitude [82] , or to ultraviolet and electron beam irradiation [83] . Doping through X-ray exposure was further exploited by using LB films from PANI [84] [85] [86] , where control of molecular architecture allowed a number of features to be investigated. Here we present additional data regarding this specific doping process in composite LB films of polyaniline.
The LB films were produced by transferring mixed monolayers from PANI and cadmium stearate spread on ultrapure water onto quartz and CaF 2 substrates. The experimental procedures for LB film fabrication have been fully described in [86, 87] , and only a few details are given here. PANI was synthesized according to [88] . The spreading solution was prepared by dissolving PANI in a camphor sulfonic acid/m-cresol solution under sonication, then adding chloroform after filtration. Because we wished to have undoped LB PANI films, we resorted to the strategy of mixing PANI and cadmium stearate. With this mixed monolayer, good-quality Y-type LB films could be produced with a transfer ratio close to 1. All the experiments were carried out with a KSV 5000 Langmuir trough housed in a class 10,000 clean room. Water for the subphase was supplied by a Millipore Milli-Q system, and the experiments were performed at room temperature. The LB films were deposited on quartz plates, which were chosen as substrates because unlike glass their transparency is kept even after 36h of Xray irradiation, thus preventing possible discrepancies in the UV-VIS. measurements. X-ray exposure was carried out with a Müller MG 150 (Philips) X-ray source at 75 kV and 15 mA. The peak of the irradiation occurs around 0.4Å. A uniform beam with 9.5 Gy/s was made to impinge onto the LB film sample that was placed 8 cm from the source. Irradiations were performed at room temperature in vacuum and with various atmospheres, namely oxygen, nitrogen, argon, and air at different values of relative humidity. The latter was controlled with proper salt amounts inside the closed chamber containing the sample [86] . The relative humidity was measured with an IOPE 10PH-FA-2 hygrometer (Brazil), and X-ray exposure started one hour after a new atmosphere was established in order to stabilize the humidity.
Samples with different numbers of layers were systematically exposed to X-ray irradiation at specific time intervals, with the UV-VIS. spectra acquired right after the X-ray exposure. In all cases there was a shift in the characteristic absorption band of the polymer to higher wavelength values (> 700 nm) with increasing irradiation time, as seen in Fig.  10 . The shift in the absorption band is similar to the doping process occurring in thicker polyaniline films [82] , but is faster in thinner films and at higher humidity levels [84, 85] . In order to assess the effects from humidity, 13-layer LB films were exposed to X-ray irradiation during 45 minutes in different atmospheres as illustrated in Fig. 11 . In dry atmospheres, such as argon in Fig. 11b , there is a small shift in the band and a decrease in intensity. The same occurs for dry air (relative humidity lower than 2%), oxygen and nitrogen. Therefore, PANI in the LB film is not doped under dry atmospheres, consistent with previous results [84] . On the other hand, X-ray irradiation at 85% of relative humidity in argon for the same time period causes the 600 nm peak to disappear with the concomitant appearance of the characteristic 800 nm polaronic band (Fig. 11c) . Figure 11 . 13-layer composite LB films of polyaniline: a) asdeposited; b) exposed for 45 min to X-ray irradiation in dry argon atmosphere; c) exposed for 45 min of X-ray irradiation in argon atmosphere at 85% of relative humidity.
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The effects from water in the irradiation-induced doping of PANI can be understood as follows. High-energy particles passing through matter produce ionization, while a drop of water will condense faster on a charged ion than on a neutral ion [89] . Therefore, the higher the humidity level the higher ionization is. The X-ray beam energy used here (∼7. 10 5 Kcal/mol) can break water molecules (492 Kcal/mol), NH−−N hydrogen bonds (∼10 Kcal/mol) [90] , and ionize chemical species in the atmosphere studied (749 Kcal/mol for oxygen, 853.6 Kcal/mol for nytrogen, 621 Kcal/mol for argon, 800 Kcal/mol for CO 2 , and 818.8 Kcal/mol for dry air [91] [92] [93] ). There is also the possibility of indirect formation of ionic species due to interactions between X-ray photons and gases or polyaniline molecules. Hence, in addition to ionization by direct excitation with X-rays, there is ionization caused by collisions from secondary electrons. It should also be noted that X-ray irradiation dopes PANI but does not affect the oxidation state of the polymer. If this occurred, polymer degradation would take place, which was not observed in FTIR spectra taken after X-ray exposure [84] . Being a bulk process, the incorporation of water into the polymeric matrix could introduce some of these ionized species (or even "solvated ions" by water molecules) into the polymer backbone, thus stimulating the protonation process. It can also explain the longer times required for X-ray doping since the absorption of water by the polymer is faster than the times involved in this doping mechanism. Similar results are reported by induced positive corona discharge in polyaniline films [94] .
Concluding Remarks
Water at an air interface may display properties that are significantly different from bulk water, particularly if an organic film -such as a Langmuir monolayer -is adsorbed at the interface. The effective dielectric constant, for instance, varies from the value of bulk water to 2-3 at the film/air interface, with the headgroups of the film-forming molecules sitting on a medium with a dielectric constant of 6-7. These changes occur within a very small layer of material, of the order of a few nanometers (nm). The structured water at the film interface allows for enhanced proton conduction through a H-bond network. In this paper we mentioned simplified models that are able to represent the basic mechanisms of proton transfer and can explain the appearance of a critical density for the film molecules, above which increases are observed in the surface potential and lateral conductance. Mention was also made of the significant effects caused by the presence of tiny amounts of guest molecules in the monolayer. At solid interfaces, especially in the cases where a solid substrate is coated with a nanostructured film, adsorbed water plays an essential role, causing the film properties to change drastically. Examples were given of undesirable effects from adsorbed water, as the cause for non-reproducibility of the electrical response of the films. On the other hand, the large effects from adsorbed water may be exploited in useful applications. This was illustrated in the paper by discussing the development of highly-sensitive taste sensors and in the X-ray induced doping of polyaniline Langmuir-Blodgett (LB) films. Interestingly, doping via X-ray irradiation was only effective if the polymer surface was unprotected and in a humid environment, which confirms the importance of water adsorbed at the solid/gas interface.
The interfacial effects commented upon here are still treated in a qualitative way in most cases, as modeling the interfaces at the molecular level is a considerable challenge. Nevertheless, understanding the mechanisms by which adsorbed water causes such strong changes in nanostructured film properties is essential for novel applications to be designed. In this context, tremendous opportunities are envisaged with functionalization of solid surfaces by the assembly of organic supramolecular structures. For example, mimicking the remarkable capability of biological systems to convert, transduce, recognize and process diverse and complex sources of information may have a large technological impact.
